Abstract-We test the performance of high-frequency regional P/S discriminants to differentiate between earthquakes and explosions at test sites and over broad regions using a historical dataset of explosions recorded at the Borovoye Observatory in Kazakhstan. We compare these explosions to modern recordings of earthquakes at the same location. We then evaluate the separation of the two types of events using the raw measurements and those where the amplitudes are corrected for 1-D and 2-D attenuation structure. We find that high-frequency P/S amplitudes can reliably identify earthquakes and explosions, and that the discriminant is applicable over broad regions as long as propagation effects are properly accounted for. Lateral attenuation corrections provide the largest improvement in the 2-4 Hz band, the use of which may successfully enable the identification of smaller, distant events that have lower signal-to-noise at higher frequencies. We also find variations in P/S ratios among the three main nuclear testing locations within the Semipalatinsk Test Site which, due to their nearly identical paths to BRVK, must be a function of differing geology and emplacement conditions.
Introduction
High-frequency ([2 Hz) regional P/S ratios are an effective discriminant between closely-spaced earthquakes and explosions (e.g. WALTER et al., 1995; TAYLOR, 1996; HARTSE et al., 1997; KIM et al., 1997; RODGERS and WALTER, 2002; TAYLOR et al., 2002; BOTTONE et al., 2002; WALTER et al., 2007) . The application of this discriminant to broad regions, however, has been hampered by large variations in the amplitudes of phases due to propagation effects in the crust and upper mantle. Attenuation models, which can account for much of the observed variability of regional phase amplitudes, have been shown to improve earthquake-explosion discrimination using these phases (e.g. PHILLIPS et al., 2009) , at least in limited areas. While regional high-frequency data has become more widely available in recent years, evaluating the broad area impact of these models is challenging, both because most nuclear explosions were conducted only at designated test sites and because the number of nuclear tests has diminished markedly since most nations signed the 1996 Comprehensive NuclearTest-Ban Treaty (CTBT).
The newly available deglitched Borovoye archive data (BAKER et al., 2009 ) allows us to test regional discriminants, and improvements to them, over a broad region of central Asia. This dataset is an archive of digital seismograms derived from regional waveforms recorded at the Borovoye Observatory, northern Kazakhstan, over a thirty-year period beginning in 1966 (RICHARDS et al., 1992) . While seismograms from the observatory have been available to Western scientists since (KIM et al., 2001 , the data contained a large number of glitches and did not include instrument responses for a significant number of events, rendering it unusable for absolute amplitude studies. A joint effort by scientists at Lamont-Doherty Earth Observatory (LDEO) of Columbia University and Los Alamos National Laboratory (LANL) on deglitching the data and determining instrument responses (KIM and EKSTROM, 1996) has been completed, and the data made openly available to outside researchers.
The Borovoye dataset is very useful for testing discriminants using regional P/S ratios. Not only has this station recorded dozens of nuclear explosions at the Semipalatinsk Test Site (STS), approximately 700 km away, it has also recorded several Soviet peaceful nuclear explosions (PNEs) which were widely dispersed throughout the territories of the former Soviet Union and are distributed about the recording station. Many explosions in this Borovoye dataset were still unusable due to dropouts, clipped waveforms, or poor signal-to-noise ratio. Still, the number and distribution of the events are sufficient to provide a good test of our ability to use the discriminant over broad regions.
In this paper, we will review the methods we have been using to make regional amplitude measurements, form discriminants, and tomographically invert for an attenuation model. While previous studies have noted geospatial variability in the phase amplitudes (e.g. MURPHY et al., 2001 ) and the characteristics of deeply-buried explosions (e.g. MURPHY et al., 1996a), we have modeled amplitude differences as variations in attenuation structure, and used this to make corrections to the observed phase amplitudes. We then apply these methods to recordings made at the Borovoye Observatory to test regional earthquake-explosion discrimination over broad areas, and find that 2-D attenuation corrections can significantly improve event discrimination.
Method
The basic dataset for both the discriminant and the attenuation tomography are the amplitude measurements of regional phases (Pn, Pg, Sn, Lg) in a series of narrow passbands. Arrival times of all the regional phases were made by hand, as structural complexity prohibits us from reliably using group velocity windows. Amplitude measurements from explosions were made on the three systems (KOD, SS, TSG) in the deglitched Borovoye archive data (BAKER et al., 2009; KIM et al., 2010) . As only explosions were available in the archive, amplitudes for earthquakes were made on the modern instrument at BRVK. BRVK is part of the IDA (International Deployment of Accelerometers) component of the Global Seismographic Network (GSN) and the data is available from IRIS (Incorporated Research Institutes for Seismology) at http:// www.iris.gov. The modern instrument is located at the same physical site as the historic stations. Although it might seem that we are mixing apples and oranges by comparing amplitudes from explosions on the archived data with amplitudes from earthquakes from the modern instrument, all measurements are made in absolute amplitudes (displacement) and the differences should not matter, as long as the instrument responses are correct. We have found no issue with the responses.
The regional P/S discriminant can be manifested in a number of forms, but usually as Pn/Lg, Pg/Lg, or Pn/Sn. For propagation through the platforms (e.g., Kazakh Platform, West Siberian Platform) of central Asia, Pn/Sn appears to be the best combination of phases to use, as both Pn and Sn propagate efficiently in the upper mantle out to long distances, where most of the natural seismicity occurs. Another consideration is the frequency band where the amplitude measurements are made. Higher-frequencies are generally thought to discriminate better (e.g., WALTER et al., 1995; HARTSE et al., 1997) , but both lower signal and higher noise conspire to produce poor signal-to-noise ratios at these frequencies for a number of events.
We initially considered amplitude ratios in passbands of 0.5-1, 1-2, 2-4, 4-6, 6-8, and 8-10 Hz, although we found that we had significantly fewer amplitude measurements passing signal-to-noise in the 0.5-1 Hz passband and above 6 Hz. Also, for the same reasons, the attenuation tomography has markedly poorer coverage in this relatively aseismic region above 6 Hz. We will therefore be mainly considering the 2-4 and 4-6 Hz passbands.
The regional phase amplitudes are also used in an attenuation tomography. LLNL has developed an amplitude inversion method that utilizes an MDAC (magnitude distance amplitude correction) source model (WALTER and TAYLOR, 2001) and has been applied in a simultaneous multi-phase (Pn, Pg, Sn, Lg) amplitude tomography . Inverting all phases simultaneously allows us to determine consistent attenuation, site, and source terms for all phases, and eliminates non-physical inconsistencies among them. Although we are concentrating on the Pn and Sn phases, which are primarily sensitive to the attenuation structure of the upper mantle, these phases have crustal legs and the amplitudes of the Pg and Lg phases provide additional constraints on the crustal attenuation structure.
From the 2009 study, we have expanded our tomography from the Middle East to cover more of Eurasia, including central Asia. A map (Fig. 1a) shows the dominance of structural platforms (e.g. Kazakh Platform, West Siberian Platform, Russian Platform) across the region. Most seismicity occurs to the south, although only the events to the south and southeast are at regional distances from station BRVK. Figure 1b shows a map of Pn paths. Note the excellent coverage in the south where seismicity is high, and much sparser coverage in the north where stations like BRVK and ARU (Arti, Russia) primarily observe events to the south. Because of the poor prediction of their S-wave amplitudes, known explosions like the PNEs are not currently used in the tomography, although their future incorporation (through the use of an explosion S-wave model) might significantly improve our coverage of this region. Figure 1c shows a map of upper mantle Qp, which is what the Pn paths shown in Fig. 1b are primarily sensitive to. We find high Q (low attenuation) in the platforms to the north, with lower Q (high attenuation) in the tectonic regions to the south. We find very low Q in the Tian Shan, but high Q under the Tarim Basin. The Ural Mountains do not have sufficient coverage to be observed relative to the adjacent platforms. Figure 1d shows the path-averaged attenuation for Pn from BRVK to points in our model. Because the Q near BRVK is high, paths to Borovoye from the whole region tend to have high path-averaged Qs, although there is an important gradient from high Q to moderate Q for events to the southwest.
Regional Discrimination
The simplest discriminant (referred to here as ''raw'') is to take the ratios between the P and S wave amplitudes. Normally, the result is plotted on the log scale, where earthquakes tend to have low or negative values (large S-wave amplitude relative to P), while explosions have high values (small relative S-wave amplitudes). Figure 2 shows maps of presumed earthquakes (circles) and explosions (stars) recorded at station BRVK in the 2-4 Hz (Fig. 2a ) and 4-6 Hz ( Fig. 2b ) passbands. One of the first things to see is that the vast majority of earthquakes recorded at regional distances (approximately between the two concentric circles on the maps) from BRVK occur to the southeast of the station. Events occurring outside of this region may be due to man-made activity rather than natural seismicity, a point we will return to later. Notice as well the large cluster of explosions at the STS, as well as the Meridian PNEs to the south, the Batholith-2 PNE to the southwest, and the Hellum-1 (sometimes referred to as Helium-1) PNE to the northwest (Table 1) .
Very clearly, based on the raw amplitudes, the discriminant does not work well, having negative ratios in the 2-4 Hz passband for the STS explosions and high positive values for many earthquakes, especially at far regional distances. In the 4-6 Hz passband, the explosions have higher P/S ratios, but there is great overlap in the populations. At the higher frequency, we also have fewer earthquakes (78) that pass the signal-to-noise criteria, as compared to the 2-4 Hz band (112 earthquakes). When plotted as a function of distance (Fig. 2c, d) , it is clear that strong trends with distance do not allow the raw discriminant to be effectively used over broad areas.
Some of the trends shown in Fig. 2c , d are due to 1-D variations, such as different Q and, perhaps, geometrical spreading of the Pn and Sn phases. If so, they can be modeled and the effects removed. We do this by modeling the earthquakes for a magnitude distance amplitude correction (MDAC) that takes into account both 1-D variations in propagation (attenuation and geometrical spreading) and magnitude, which affects the corner frequency of an event. We assume the geometrical spreading of Pn and Sn are the same, and a power-law frequency-dependent Q is modeled as:
where Q o is the attenuation parameter Q at 1 Hz, g its power-law frequency-dependence, and f is at the quarter frequency of the high and low passbands (e.g., 2.5 Hz for 2-4 Hz). For Pn and Sn, we find Q o = 370, g = 0.38 for Pn and Q o = 410, g = 0.45 for Sn. We then perform a grid search of all earthquake amplitudes recorded at BRVK for Q o , g, and The discriminant can then be improved by taking the observed amplitudes and correcting them for the amplitudes of an earthquake (of that size, at that location) as
where the o indicates predicted amplitudes. The predicted amplitudes will be a product of four terms (source, geometrical spreading, attenuation, and site), all defined according to the MDAC model. By normalizing the discriminant in this way, the earthquakes should scatter around the zero value.
Results are shown in Fig. 3 . Large trends are removed, especially in the 2-4 Hz passband, but some trends in the earthquakes still remain. As expected, the earthquake population scatters about the ordinate of zero, and the explosions now have more positive values than the earthquakes. As a result, the discriminant improves significantly over the raw ratios, better separating the two populations. There are also some obvious and significant outliers, both for a few events labeled as earthquakes, as well as the Hellum-1 explosion that we take up in the discussion section below.
It appears that a 1-D correction can allow the discriminant to work over the full regional distance range. Can we use information on the lateral attenuation structure of the earth to further improve our discriminant? We test this by replacing the predicted amplitudes described in Eq. (2) with amplitudes where the attenuation term depends on the path. The results are shown in Fig. 4 . Most of the trends in the earthquake population that still existed using the 1-D model are removed and, with the exception of the same outlier events, separate cleanly into earthquake and explosion populations. As expected, removing the increase of P/S amplitudes with distance does not change the separation between earthquakes and explosions at a given distance and, as a member of the explosion population, Hellum-1 remains anomalous. It should also be noted that path coverage north of station BRVK is poor (Fig. 1b) , and the tomographic model is essentially 1-D in this region (Fig. 1c) .
We look at the events in a slightly different way in Fig. 5 . Here we plot the discriminant as a function of magnitude, rather than distance, for the two bands we considered. There do not seem to be any trends in the data with event size. Here, we can see a larger separation between the two populations at 4-6 Hz, but the scatter of each population is also higher.
We can quantify the separation of the earthquake and explosion populations by using the Mahalanobis distance (e.g. HARTSE, 1998), a measure of separation of the means divided by a sum of the variances.
where " l and r are the mean and standard deviation, and subscripts x and q refer to explosions and earthquakes. A larger Mahalanobis distance indicates that the populations are more cleanly separated, giving better earthquake/explosion discrimination. In order to avoid ''cherry picking'' the data, we have included the Hellum-1 explosion and the anomalous earthquake labeled events near the open-pit mines. As a reference point with the raw Pn/Sn amplitude ratios we find a D 2 of 0.28 for the 2-4 Hz band and D 2 of 1.00 for the 4-6 Hz band. In order to estimate a misclassification rate, we can translate a Mahalanobis distance value into an equiprobable point (EP), which is the point where the rate of earthquakes misclassified as explosions matches the rate of explosions that are misclassified as earthquakes, according to the formula:
where U is the normal cumulative probability distribution. This results in equiprobable points of 39.6 % for the 2-4 Hz band and 30.9 % for the 4-6 Hz band. For the 1-D corrections, we find a D 2 of 2.46 for the 2-4 Hz band and D 2 of 4.50 for the 4-6 Hz band, giving us equiprobable points of 21.6 and 14.4 % for 2-4 Hz and 4-6 Hz bands, respectively. After applying the 2-D corrections from the attenuation model, we find D 2 of 10.06 and 9.35 for the two bands, giving us equiprobable points of 5.6 and 6.3 %. A summary of these results is provided in Fig. 6 . It appears, then, that the lateral attenuation corrections provide a larger improvement at lower frequencies. This is probably due to the better attenuation model in the lower frequency band, but potentially also due to more consistent and predictable amplitude variations at these frequencies. The use of reliable discriminants at lower frequencies should allow us to examine smaller, distant events that have lower signal-to-noise at higher frequencies.
In order to determine the reliability of these results, we employ a bootstrapping method. For each discriminant, the earthquake and explosion populations are resampled with replacement hundreds of times, and statistical analysis performed on the new populations. This is illustrated in Fig. 6 by the bars of standard deviation associated with each discrimination value. Even given the variation from statistical sampling, the improvements from using 2-D corrections is significant.
Discussion
Two sets of outliers stand out in our Pn/Sn results, using both 1-D and 2-D path corrections. The first is the set of two presumed earthquake events just south of BRVK, at about the same epicentral distance as STS, which both classify as explosion-like. These events are at the location of a known large open-pit mine (Kevin Mackey, personal communication) and may not be natural earthquakes. While all of the presumed earthquakes in this study come from multiple catalogs where they are labeled as either earthquakes or unknown (and not explosions), it is possible that a few other presumed earthquakes in our dataset, particularly smaller events away from the seismically active areas to the south, might be unidentified mine-related events.
The second outlier is the Hellum-1 PNE, which comes out as earthquake-like at 2-4 and 4-6 Hz. According to SULTANOV et al. (1999) , Hellum-1 is a 3.2 kton explosion in limestone that is overburied at over 2.0 km (see Table 1 ). Examination of the waveforms shows a very strong Sn shear-wave signal from this nuclear explosion. One possible explanation would be if the path were very anomalous, and the path corrections we are using are invalid. MURPHY et al. (2001) noted significant differences between PNE waveforms to the north and those to the northwest of BRVK, and BOTTONE et al. (2001) noted some PNE 6-8 Hz P/S ratios were small in the region. However, this seems unlikely to be the cause of the Hellum-1 low P/S values observed here, since we have four earthquakes nearby in the Ural Mountains and another northwest of Hellum-1, each of which have clear high frequency Pn and Sn phases constraining the path correction to BRVK reasonably well.
A second and more interesting possible explanation for the low Hellum-1 PNE P/S value might be related to its relatively small size and great depth. It is known that the explosion P-wave corner frequency depends upon depth, as described in the widely used model of MUELLER and MURPHY (1971) . FISK (2006 FISK ( , 2007 has postulated that explosion P/S values can be modeled using the MUELLER-MURPHY P-wave model, where the S-wave are calculated by scaling the S-wave corner frequency by the ratio of the S to P-wave velocity. TAYLOR (2009) has proposed that this S-wave corner frequency effect might be due to rock damage from the explosion and that it might persist even for very overburied events. In Fig. 7 , we show that using this explosion model predicts that the P/S value for Hellum-1 is expected to be much lower at 2-4 and 4-6 Hz than the other PNEs measured here.
However, if this model is correct, then some of the small explosions observed at the Semipalatinsk Test Site might also be expected to have similarly small P/S values, which is not observed. There are reasons to think that some of the small tests might be deeper than this relationship implies, for example, due to some of them occurring in tunnels with variable overburden (e.g. KHALTURIN et al., 2001) . In Fig. 7 we show the explosion model P/S ratios for Semipalatinsk from 150 to 0.1 kt at a range of depths (assumed for our purposes to be in granite). If some of the small Semipalatinsk explosions were buried at depths of about 200 m, we would expect them to be outliers at 2-4 and 4-6 Hz as well. Given that the Hellum-1 PNE is the only significant explosion outlier, it would imply that if this model of P/S ratios is correct, the smallest explosions at Semipalatinsk are not significantly overburied. The physical mechanisms that generate explosion S-waves and our ability to model their P/S values for arbitrary depths and geologies remains an area of research.
As an example of the effects of emplacement, Fig. 8 shows a close-up of STS, where we can see the separation of explosions into several locations at Balapan, Degelan, and Murzhik. Events at all of these locations have effectively the same propagation path to BRVK, so variations will solely be due to source effects. We find several interesting things. First, the variation in the discriminant values from STS is only slightly lower than the variations from the distributed earthquakes which, besides unmodeled propagation effects, can also have additional variations from depth and radiation pattern. This means that, in the absence of large numbers of explosions, using the variation in the earthquake population would be a reasonable estimate. Secondly, we find significant variations among the locations, with events at Balapan having lower P/S ratios than events at Degelan and Murzhik. The regions differ from each other in terms of both geology and emplacement conditions. In Degelen, the mountain is a pluton, and tests were carried out in tunnels and conducted in granite or porphyry. It seems possible that the tunnel tests might have a larger range in terms of scaled depth of burial. In contrast, at Balapan and Murzhik, the explosions were carried out in shafts. At Balapan, the rocks are generally tuffs or clastic rocks like conglomerate, sandstone, aleurolite, siltstones, and shales, while tests at Murzhik were carried out in clastic rock (KHALTURIN et al., 2001) .
Conclusions
Using a combination of events from the historic deglitched Borovoye archive dataset and more recent events from the modern instrument, we find that high-frequency P/S amplitudes can be used to reliably identify earthquakes and explosions in central Asia. There is good discrimination between earthquakes and explosions both at the STS and for PNEs located throughout the region. More generally, we conclude that seismic discrimination is applicable over broad regions as long as propagation effects are properly accounted for. Applying 1-D and 2-D corrections markedly improves the performance of high-frequency P/S discriminants. Attenuation models that can account for the observed variations in amplitudes can further enhance our ability to identify events as earthquake or explosions, particularly in complex regions with stronger lateral variations than the region considered here. Accounting for lateral attenuation variations can also improve the discriminant at lower frequencies, where more events and smaller events can be observed. Finally we note that using multiple frequency bands, including those over 6 Hz, may provide the best means identify the full range of possible explosions including small and/or overburied events such as Hellum-1.
